We examined the direct effects of human recombinant interleukin 2 (hrIL-2) in vifro on the phenotypic and the functional changes of rat Kupffer cells (KCs) isolated by collagenase perfusion and differential centrifugation. When KCs were cultured with high concentrations of hrIL-2, marked changes were dosedependently observed in phenotypic expression, phagocytic activity, and accessory cell function compared to untreated KCs. In the phenotypic changes, approximately 70% of KCs expressed class 2 antigen after 48hr culture. Moreover, rapid expression ofiC,b receptor on KCs was observed after 6 hr culture. KC phagocytic activity ofboth 0.8 1 -and 2-pm latex particles was increased by incubatingwith hrIL-2 ( lo4 U/ml) as compared to those of untreated KCs. Complement-mediated phagocytosis was more dominant than that of Fc receptormediated phagocytosis without hrIL-2 and augmented by increasing concentrations of hrIL-2. Accessory cell function of KCs was greatly augmented by preincubation with hrIL-2 ( lo4 U/ml) for 24 hr. In the presence of M of indomethacin or prostaglandin E,, accessory cell function was at a lower level than without. This suppressive effect of indomethacin or prostaglandin E, was reduced at lower concentrations. These results suggest that the potential ability of hrIL-2-activated KCs is closely associated with the ongoing pathophysiological process in the liver during IL-2 immunotherapy.
INTRODUCTION
Interleukin 2 (IL-2) is an immunoenhancing lymphokine that provides potential therapeutic applications for immune-deficient states or cancer patients. Recently, there are many immunotherapeutics using IL-2 administration or adoptive cell transfer immunotherapy for cancer patients (21, 22) . However, because of high dose IL-2 administration for a long period, the occurrence of various kinds of side effects (e.g., liver disturbance, eosinophilia, vascular leak syndrome, fever) are noted (21, 22, 24) . Especially, liver disturbance is the dose-limiting side effect for cancer patients given IL-2 immunotherapy. Moreover, similar side effects were reported in the murine model (1, 4, 16) .
The liver sinusoidal cells consist of endothelial cells, pit cells, Kupffer cells (KCs), and fat-storing cells. Anatomically, they are located adjacent to each other and have a functionally close relationship. KCs, the fixed macrophages of the liver, represent the most typical phagocytic cell type in the mononuclear phagocyte system and are physiologically exposed to splenic or gastric-derived products, such as lymphokines, via the portal circulation. Especially, KCs play an important role in the local immune reactions of the hepatic microenvironment via various kinds of mediators such as IL-1, tumor necrosis factor (TNF), prostaglandin Ez (PGEJ, and superoxide (6, 7, 14) . Moreover, they can exert antigen-presenting actiyity by expressing the major histocompatibility cbmpkx (MHC) Flass 2 antigen on their surface (23) . 3nly recently has there been interest in examining the effects of IL-2 on the macrophage-monocyte cell lineage. Numerous reports demonstrate the expression of IL-2 receptor on peripheral blood monocytes, alveolar macrophages, and the monocytic cell lines HL60 and U937 following exposure to interferon gamma (1 1-13, 15) . It was considered that KCs may be affected by cytokines, such as IL-2, derived from activated T cells during the immune responses. There were few reports in the literature,
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TOXICOLOGIC PATHOLOGY to our knowledge, documenting an alteration in KC function following exposure to IL-2 (5) , and the mechanism of liver disturbance induced by the prolonged administration of a high dose of IL-2 to cancer patients is not clear.
In the present study, in an attempt to clarify whether or not KCs are associated with the occurrence of liver disturbances during the prolonged administration of IL-2, the phenotypic and functional changes of isolated KCs in the presence of IL-2 were studied in vitro.
MATERIALS AND METHODS Aninials. Inbred WKAH/Hkm (RTlk, Japan SLC, Hamamatsu, Shizuoka) male rats, weighing 200-300 g, were used. They were housed at a constant temperature (23°C +: 1) and humidity (55 +-1OYo) with a fixed light-dark cycle (12/12 hr, light 8:OO a.m. to 8: OO p.m.) and allowed free access to water and food (CA-1, CLEA Japan, Tokyo) before the experiment, All of the experiments were carried out based on the Guideline for Animal Experimentation (Japanese Association for Laboratory Animal Science, 1987). KC Isolation. The peritoneal cavity was opened under pentobarbital anesthesia, and 1,000 units of heparin were injected into the inferior vena cava. The cannula was inserted in the portal vein, and the abdominal aorta and vena cava were cut at the lumbar level. Then, the liver was perfused in sitrr with Ca2+ -Mg2+ -free Hanks' balanced salt solution (HBSS) at 37°C for 10 min. The perfusion fluid was then changed to 0.05% collagenase (type 1, Nitta Gelatin, Osaka) in HBSS without Ca2+ at 37°C. After 10 min, the liver was removed and placed in a glass Petri dish containing Ca2+-Mg2+-free HBSS. The liver capsule was peeled off, and the majority of liver cells was liberated by gentle shaking. The cell suspension was passed through a stainless-steel mesh (#150) and centrifuged at 50 x g for 2 min. The supernatant was then centrifuged twice at 50 x g for 2 rnin to pellet residual hepatocytes. The resulting supernatant was centrifuged at 450 x g for 3 min to separate nonparenchymal cells (NPCs) from cell debris. The cell pellet was resuspended in 40'mlof Ca2+-Mg2+ -free HBSS. Any remaining hepatocytes were pelleted by a final centrifugation at 50 x g for 2 rnin and discarded. A final NPC pellet was collected after 2 further centrifugations at 450 x g for 3 min. Cell viability was tested by trypan blue exclusion (>98%) and the contamination of hepatocytes was less than 1%. NPCs were suspended at a concentration of 1 x lo6 cells/ml in Williams' E medium (Flow Lab., Irvine, Scotland) supplemented with 10% heat-inactivated (56"C, 30 min) fetal calf serum (GIBCO, Grand Island, NY), penicillin (100 U/ml), streptomycin (100 pglml), and 2 mM L-glutamine. NPCs were plated in plastic dishes (60 mm in diameter; Falcon, Bector and Dickinson, Oxnard, CA) and incubated at 37°C for 20 hr in a humidified environment with 5% C 0 2 in air to adhere KCs. Nonadherent cells were then removed by washes with vigorous pipetting using warm medium, and the remaining adherent cells were obtained. More than 95% of the resulting adherent cells were positive staining to endogenous peroxidase and nonspecific esterase and were referred to hereafter as KC-enriched population. KCs were cultured with or without 0.1 ml aliquots of varying concentrations of human recombinant interleukin 2 (hrIL-2; S-6820, Shionogi, Osaka) for 48 hr. The morphology of KCs was observed by using phase contrast microscopy (DIAPHOT-TMD, Nikon, Tokyo).
Nonprofessional Phagocytosis. KCs, adherent onto plastic dishes, were incubated with 0.02% polystyrene latex particles (0.81 and 2 pm in diameter; Dow Chemical Company, Indianapolis, IN) in HBSS for 1 hr at 37°C. Cells were then washed with HBSS, air-dried and fixed with methanol, stained with hematoxylin solution, and examined by light microscopy. Cells that ingested more than 3 latex particles (0.81 pm in diameter) or 2 latex particles (2 pm in diameter) were regarded as positive cells. Percentage of positive cells was calculated from the number of positive cells in a population of 2,000 cells counted.
Profissional Phagocytosis. Erythrocyte-antibody complex (EA) and Erythrocyte-antibody complement complex (EAC) were prepared by the method described by Roggoffet a1 (20) . Sheep red blood cells (SRBCs; Nippon Bio-supp. Center, Tokyo) were washed in 0.1 M Dulbeccos' phosphate buffer saline (D-PBS) and suspended at 5% volume in HBSS. SRBCs were then opsonized with either IgG rabbit anti-SRBC antibody to form EA or IgM rabbit anti-SRBC antibody (Nippon Kotai-ken, Takasaki, Gunma) by incubating the SRBC for 60 rnin at 37°C with an equal volume of antibody diluted to a subagglutinating concentration. EAC was formed incubating IgM-opsonized SRBCs for 30 rnin at 37°C . with -,.. fresh A W n mouse (H-2k, Japan SLC) serum 'difhted 1:6 with D-PBS. Both EA and EAC were washed and suspended at a concentration of 0.25% in HBSS. Two ml of either EA or EAC were then added to adherent KCs. To detect Fc(y) receptor, these cells were incubated at 4°C for 1 hr. To examine Fc (7) and C3 receptor-mediated phagocytosis, these cells were incubated at 37°C for 1 hr. After that, the cells were washed with HBSS, air-dried and fixed with methanol, stained with hematoxylin solution, and examined by light microscopy. Percentage of positive cells was calculated from the number of cells that ingested or adhered 3 or more SRBCs, in a population of 2,000 cells counted.
Itntnunohistocheniistry. The dish-adhered KCs were washed 3 times with HBSS and air-dried and fixed with methanol for 10 min at 4°C. Using monoclonal antibodies, mouse anti-rat macrophage (Mar 3) (26), class 2 antigen (OX 6, Serotec, Kidlington, Oxford), and iC3b receptor (OX 42, Serotec), KCs were stained by the ABC or ABC-AP method (antimouse IgG kit; Vector Lab., Burlingame, CA). After fixation, the dishes were washed 3 times with phosphate-buffered saline (PBS), 0.01 M, pH 7.2. The dishes were incubated with inactivated normal horse serum for 20 rnin at room temperature and then incubated with primary antibody for 60 rnin at room temperature. After washing 3 times with PBS, the dishes were incubated with biotinated horse antimouse IgG as a second antibody for 1 hr and then incubated with 0.3% H,O, in methanol for 30 min to block endogenous peroxidase activity. After that, the dishes were washed 4 times with PBS and avidin-biotin-peroxidase or alkaline phosphatase complex was added to the dishes for 60 min at room temperature. The dishes were developed, following additional washes with PBS, using 3,3'-diaminobenzidine tetrahydrochloride (Dojin, Kumamoto) in 0.05 M Tris-HC1 buffer, pH 7.6, containing 0.01% H,O, or alkaline phosphatase substrate kit 1 (Vector Red, Vector Lab.). Finally, the dishes were lightly counterstained with hematoxylin solution and examined by light microscopy. Percentage of positive cells was calculated from the number of positive cells in a population of 2,000 cells counted.
Preparation of Adherent Cell Depleled Lyniphocytes. The cervical lymph nodes were aseptically removed and gently teased apart in HBSS and passed through a stainless-steel mesh (# 150). The cells were centrifuged and washed 3 times at 300 x g for 5 min. The cells (1 x lo7 cells/ml) were applied to plastic dishes (100 mm in diameter; Falcon) and incubated at 37°C for 1 hr. Nonadherent cells were collected and regarded as adherent cell-depleted lymphocytes (ADLs). The contamination of macrophages was less than 1%. These cells were incubated at 37°C in air with 5% CO, in a humidified atmosphere for 48 hr with concanavalin A (Sigma), as a T-cell mitogen, at a concentration of 5 pg/ml. Then, 0.4 pCi of -'H-thymidine (New England Nuclear, Wilmington, DE) was added to each well. After 28 hr, the cells were harvested onto glass filter paper using a semiautomated cell harvester, and 3H-thymidine incorporation into lymphocytes was counted with a liquid scintillation counter in triplicate. Statistical Analysis. Lymphocyte proliferation data are expressed as mean values t-SD and were statistically analyzed by means of Student's t-test; p < 0.05 was considered to be significant.
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RESULTS
Morphologic Features of IL-2 Treated KCs
When KCs were cultured with hrIL-2 (10' U/ml) for 48 hr, they showed typical features of activation including the spreading of cells, the formation of cytoplasmic ruffle and pseudopodia, and the presence of numerous inclusions (Fig. 1) .
Phenotypic Expression and Phagocytic Activity of Control KCs
Mar 3 antigen, as a marker of rat macrophages, and Fc(y) receptor were constantly expressed over 96% on KCs at any time period of culture. The expression of iC,b receptor (OX 42), equivalent of human complement receptor 3 (CR3), gradually increased and reached about 80% after 48 hr culture. MHC class 2 antigen (OX 6) expression on KCs also increased about 30% until 24 hr and then slightly decreased at 48 hr. Phagocytic activity of latex par-=.tides by KCs gradually increased until 48 hr and reached about 60% (0.8 1 p m latex) and 50% (2 pm latex), respectively (Fig. 2) .
Phenotypic Expression of IL-2 Treated KCs
Class 2 antigen expression of hrIL-2 treated KCs dose-dependently increased as compared to untreated KCs. Marked increase of class 2 antigen expression on KCs was observed after 48 hr culture, when KCs were cultured with a high concentration of hrIL-2 (lo4 U/ml). The expression of iC3b receptor also increased dose-dependently when incubated with hrIL-2 at concentrations over lo3 U/ml. Especially, 6 hr after hrIL-2 (lo4 U/ml) addition, marked increase of iC,b receptor expression on KCs was observed as compared to other lower concentrations of hrIL-2 ( Fig. 3) .
Nonprofessional Phagocytic Activity of IL-2-Treated KCs
Non professional phagocytic activity of KCs was investigated by incubating adherent KCs with latex microspheres in vitro. KC phagocytic activity of both 0.8 1 and 2 pm latex particles was increased by adding.i04 U/ml of hrIL-2 in medium as compared to 7thtiiSk of untreated KCs. After 48 hr culture, much high phagocytic activity of 2 pm latex particles than that of 0.81 p m latex particles was observed. At hrIL-2 concentrations below lo3 U/ml, no augmenting effects on the activity were found (Fig. 4) .
Professional Phagocytic Activity of IL-2-Treated KCs
Fc($ and C3 receptors are known to be present on macrophages and have been shown to mediate professional phagocytosis of opsonized SRBCs. When Fc (7) and C3 receptor-mediated phagocytic activity using EA(SRBC-IgG) and EAC(SRBC-IgMcomplement), respectively, was examined, the degree of Fc(7) receptor-mediated phagocytosis was increased with the addition of hrIL-2 at concentrations of lo3 and lo4 U/ml until 24 hr, although percentage of positive cells was less than 20% of the total, even if KCs were cultured with a high concentration of hrIL-2 (lo4 U/ml). C3 receptor mediated phagocytic activity dose dependently increased and reached about 50% after 48 hr culture (Fig. 5) .
The Reciprocal Relatioilship between OX 42 (iC,b Receptor) Expressioii and Latex Phagocytic Activity of KCs
Most KCs that ingested latex particles expressed OX 42 following the incubation with or withQ.uj hrIL-2 and then tended to express latex phago6ytic activity, After 6 hr culture, a marked increase in the rate of single OX 42 positive cells was observed in KCs cultured with hrIL-2. The rate of increase was higher than that of the control KCs. The rate of double positive cells was still less than 20% with or without hrIL-2. Marked increase of the rate of double positive cells was seen after 24 hr culture with hrIL-2. After 48 hr culture, both control and hrIL-2 treated KCs showed an almost similar distribution pattern, but the rate ofdouble positive cells in hrIL-2 treated KCs was a higher level than that in control KCs (Fig. 6 ).
Accessoty Cell Function of
IL-2-Treated KCs
The augmenting capacity of KCs for the mitogeninduced proliferative responses of ADLs was investigated in vitro. In the absence of indomethacin or PGE2, accessory cell function of KCs on lymphocyte blastogenesis was greatly augmented by preincubating with a high concentration of hrIL-2 (1 O4 U/ml) for 24 hr. The mitogen-induced proliferative responses of ADLs was markedly depressed by the addition of M PGE, and weakly depressed by the addition of M indomethacin but tended to recover at concentrations lower than M. The augmenting activity of hrIL-2-treated KCs .was depressed by the addition of M indometha h ; howevq, it recovered at concentrations lower than M. Accessory cell function of untreated KCs was not affected by addition of indomethacin.
In the presence of M PGE,, accessory cell functions of both hrJL-2 treated and untreated KCs were markedly depressed but tended to recover at concentrations lower than DISCUSSION Regarding the effects of IL-2 on macrophages, human mononuclear phagocytes can be induced by lymphokines to express IL-2 receptor, and such IL-2 receptor-positive macrophages can be detected iii vivo during inflammation (1 1). Macrophage-mediated cytotoxicity in the liver was augmented by hrIL-2 administration in mice (27) . In addition, pre-treatment with high concentrations of IL-2 (> 1 x lo4 U/ml) were capable of priming and triggering KCs to suppress hepatocyte protein synthesis in vitro (5) . These reports suggested that IL-Zactivated KCs may directly or indirectly affect parenchymal cells in the liver and that liver disturbances during longterm IL-2 immunotherapy may be brought about via KCs.
In the present study, we investigated the direct effects of hrIL-2 on KCs in vitro and found marked changes on the phenotypic expression and the accessory cell function of KCs after hrIL-2 treatment. During the 48-hr culture, the positive cell percentage of KCs in each nonspecific esterase activity, endogenous peroxidase activity, Fc (7) receptor, and expression of Mar 3 antigen was over 96% (Fig. 2) , indicating that the purity of KCs in culture was at least over 96% up to 48 hr after culture. To examine the nature of the KCs as a phagocyte, latex particle phagocytosis is commonly used. In the present study, we used Williams' E medium to co-culture with hepatocytes in the further study. Therefore, KC phagocytic activity of latex particles in this culture medium was shown to be at a low level (less than loyo) at 0 hr ( Fig. 4) . When KCs isolated using the same procedure were cultured with latex particles in RPMI 1640 medium, commonly used to leukocytes culture, KC phagocytic activity of latex particles was shown to be at high levels over 95% at 0 hr (data not shown). These indicate that most KCs used in the present study possess the potential activity of latex phagocytosis before culture.
Characteristic changes were found in Fc (7) receptor mediated (EA) and C3 receptor mediated (EAC) phagocytosis by KCs (Fig. 5) . EA phagocytosis by KCs treated with a high concentration ofhrIL-2 (lo4 U/ml) was approximately 20% of maximum. On the other hand, EAC phagocytosis by KCs treated with high concentration of hrIL-2 increased in time course and reached approximately 50% of maximum. The rate of Fc (7) receptor expression on KCs was extremely high, over 96% (Fig. 2) . Whereas the rate of EA phagocytosis was less than 20% of the total (Fig. 5) , and the expression rate ofiC,breceptor (OX 42) was gradually increased (Fig. 3) . These results suggest that the complement-mediated phagocytosis of KCs is more dominant than those of Fc receptor mediated phagocytosis and that the complement related changes of KCs are greatly augmented by incubating with high concentrations -of: hrIL-2. Because KCs are anatomically located &thin sinusoidal lumen and usually exposed to various kinds of immunological chemical mediators consisting of complements, immunoglobulin molecules or cytokines (cf. IL-1, IL-2, and so on), which are derived from gut-associated lymphoid tissues via the portal circulation, KCs are physiologically influenced by these mediators and also may play an important role as biological filters to remove foreign body materials, microorganisms, and chemical mediators derived from the gastrointestinal tract.
Approximately 30% of KCs expressed class 2 antigen without hrIL-2 at 24 hr (Fig. 3) , and accessory cell function of untreated KCs was higher than lymphocyte-only cultures (Fig. 7) . When KCs were treated with hrIL-2, the degrees of both class 2 antigen expression and accessory cell function were increased more than those of untreated KCs. It is noted that IL-2 is capable of inducing the differentiation of large granular lymphocytes, a pit cell in the liver, into lymphokine-activated killer (LAK) effectors in the presence of TNF (3). TNF is produced by activated macrophages (8) and plays a role as an inflammatory mediator by involving the pathogenesis of activated macrophage-mediated hepatitis (19) . Thus, we suspected that activated class 2-positive KCs induced by the exogenously administered IL-2 may be closely associated with lymphocyte infiltration, local proliferation of lymphocytes, and the induction of LAK cells within the hepatic microenvironment. Evidence also shows that natural killer (NK) cells and LAK cells exert the cytotoxicity for endothelial cells (2, 18) and that activated KCs are also capable of producing superoxide and nitrogen oxide (9). Thus, it is possible that endothelial cells can be injured by the synergistic action between NK cells, LAK cells, and activated KCs induced within the hepatic microenvironment, and then hepatocytes are directly or indirectly affected by these cells, inducing the degeneration or injury of hepatocytes.
Among various kinds of mediators produced by KCs (7, 14) , PGE, is one ofthe potent inflammatory mediators (7, 14, 25) that suppresses the lymphocyte proliferation induced by mitogen in vitro (10, 17) . To confirm whether or not hrIL-2 activated KCs can produce sufficient amounts of PGE, to affect accessory cell function, we examined the additive effects of indomethacin as a cyclooxygenase inhibitor or PGE, on the accessory cell function of KCs.
In the presence of M PGE,, accessory cell functions of both hrIL-2 treated and untreated KCs, and the mitogen induced proliferative responses of ADLs were markedly depressed but tended to recover at concentrations lower than M (Fig. 7) . These findings suggest that the suppressive effects of PGE, OX accessoryecell function of KCs are caused by the direct effect of PGE, on ADLs as responding cells.
In the presence of M indomethacin, the augmenting activity of hrIL-2 treated KCs was depressed, and the mitogen induced proliferative responses of ADLs were weakly depressed and recovered at concentrations lower than
M.
However, no effect was found in accessory cell function of untreated KCs (Fig. 7 ). In the present study, if prostaglandins may be produced hrIL-2 treated KCs, then the augmenting activity of hrIL-2 treated KCs is expected t o be higher in the presence, than in the absence, of high concentrations of indomethacin. Our findings suggest that high concentrations ofindomethacin may directly affect hrIL-2 activated KCs as effector cells of accessory cell function, and none or only a small quantity of PGE, may be produced by hrIL-2 activated KCs.
Our present study provides evidence indicating that IL-2 is directly capable of inducing the phenotypic and functional changes of KCs it2 vitro, suggesting that IL-2 activated KCs may be closely associated with t h e ongoing pathophysiological phenomenon of liver. In a further study, we will examine the direct o r indirect cooperation of IL-2activated KCs with hepatocytes, lymphocytes, NK cells, or LAK cells within hepatic microenvironment and clarify the mechanisms of hepatic disturbances during immunotherapy for cancer patients using IL-2.
